The CD-spectra of riboflavin and riboflavin analogues in aqueous solutions differ very little depending on pH and ionic strength, but are extremely sensitive upon solvent changes. The two bands in the region of 300 -500 nm seen in aqueous solutions are split into seven bands in less polar solvents, which can be assigned to seven vibronic transitions. The spectra may be interpreted by "through space" and "through chain" interactions of the sidechain centers of chirality with the flavin chromophore, which influence the two first n -7i* transitions in different manner.
Abbreviations used: CD, circular dichroism; FMN, riboflavin-5'-monophosphate; FAD, flavin-adenine-dinucleotide.
In spite of its scarcity, the literature on CD of riboflavin and its derivatives contains many discrepancies 1 " 3 . We have, therefore, reinvestigated the CD spectra of free flavins as a function of flavin concentration, solvent polarity, hydrophobic "stacking" (out of plane) and "pairing" (in plane) ability, proton activity, ionic strength, and photolytic stability. Under the best conditions (cf. Fig. 1) we could resolve up to seven CD-bands, four in the range of the first ci -ti* transition (Amax = 445 nm) and three in the range of the second one (Amax = 370 nm). In accordance with low temperature absorption spectra (J. M. LHOSTE 4 ) and calculations by SONG 5 , but in contrast to interpretations of TOLLIN 2 , we assign these bands to seven vibronic transitions, four belonging to the first Cotton effect, three to the second one.
The dependence of flavin CD on ionic strength was found negligible (cf. Fig. 2 ) and the large difference in CD-spectra of riboflavin (or FMN) in phosphate buffer and pure water, described by TOLLIN 2 , could not be reproduced. Photolysis must, of course, be considered as a possible source of error in CD measurements involving prolonged illumination (for multiple scans). We have therefore investigated the CD behaviour of the species arising from anomalous flavin photolysis in phosphate buffer as isolated by JÖRNS 6 , but its observed CD was not found related to the "phosphate effect" on flavin CD as claimed by TOLLIN.
In order to interpret flavin CD-spectra in terms of molecular structure and conformation, we have tried to differentiate the following factors: 1. The influence of hydrophobic stacking of two or more flavin nuclei, which must result in a solvation of the chiral sidechain away from the chromophore. This is paralleled by the stacking of flavin and adenine nuclei in FAD. 2. The self intereaction of flavin nuclei by "in plane"
H-bonding, which must depend on the substituent at N(3) being a hydrogen of high bridging capacity or an unpolar alkyl residue. 3. A "through space" "out of plane" stacking interaction between the sidechain centers of chirality and the chromophore. 4. An "in plane" hydrogen chelate formation between the sidechain functions and the nucleus, especially at N(l). 5. A general "through chain" interaction between the centers of chirality in the sidechain and the chromophore. This influence must be coupled with differences of N (10)-electron density between the chromophore ground state and its first excited singlet.
In Fig. 1 we have plotted the solvent dependence of CD-spectra of 3-ethyl-tetraacetyl-riboflavin. If we compare the flavin ellipticity around 450 nm in benzene and carbontetrachloride, which implies practically no change of polarity, we see striking differences, which can only be assigned to benzene competing with the sidechain for solvation of the chromophore. Alternatively, we must assume that in CC14 the side chain prefers a hairpin conformation with the chromophore, which is destabilized by benzene. We conclude, therefore, that the generally low ellipticity of flavin in the range of the first Ti -Ti* transition is due to hydrophobic stacking effects resulting in removal of the ribityl sidechain away from the nucleus.
Applied to flavoproteins, we conclude, that not the sign, but the size of the first Cotton effect is most meaningful since as it is a measure of "through space" interaction between the chromophore and centers of chirality at the active site as competed by stacking interaction between the flavin and aromatic prosthetic groups of the protein environment. We agree with TOLLIN 3 as to the fact, that in all FAD-flavoproteins studied so far, the adenine seems to be "folded away" from the flavin, and the protein residues interacting are preferably nonaromatic, with the possible exception in glucose oxidase.
If we compare spectra of N (3)-alkylated flavins and unsubstituted ones, we see no mentionable differences. This indicates that intermolecular "in plane" H-bonding at N(3) brings no remarkable contribution to the spectra. Not negligible are the differences in spectra of flavins with acylated sidechains and non-acylated ones. The Cotton effect at 450 nm decreases to much lower values with tetraacetyl or tetrasuccinoyl riboflavin as compared with riboflavin.
The environmental changes as demonstrated in Figs. 1 and 2 influence the first Cotton effect drastically in size as well as in sign, whereas they exert only a minor influence on the second Cotton. We conclude, therefore, that the first 71 -71* transition of the flavin chromophore does not concern N(10) to a first approximation and, therefore, the interaction between this transition and the sidechain concerns all three centers of chirality (2',3',4') and is of "through space" and stacking character. At the same time the second 71 -71* transition (^max 370 nm) has strong influence on the electron density at N(10) and therefore is susceptible to a "through chain" interaction with the 2' center of the N(10) -sidechain. This interpretation seems to be very consistent with the solvent dependence of flavin absorption spectra: here it has been shown a long time ago by HARBURY et al. 7 , that environmental changes do not influence the energy, but only the vibronic resolution of the transition at 450 nm, while they strongly influence the energy of the second transition, for example: the second absorption maximum of 3-methyl lumiflavin in water is at 370 nm, while in CC14 the second band is shifted towards 335 nm. These assignments are visualized in Fig. 3 8 . From this picture it becomes obvious, that stacking interaction between sidechain and chromophore may go along with intermolecular H-bonding and pairing, while intermolecular flavin stacking may go along with intramolecular hydrogen chelate formation between nucleus and sidechain -but not vice versa. The assignment of the transition vectors is furthermore substantiated by the fact, that reduction of the C (4a,5) -azomethine bond does not affect the energy of the 350 nm transition to great extent 9 , while removal of the 2-carbonyl 10 ' 11 does not influence the energy of the 450 nm transition very much. In contrast upon the removal of the 4-carbonyl 12 the 450 nm transition is strongly shifted to shorter wavelengths. From these assignments it might be seen, that it is absolutely possible to draw conclusions from flavin CD spectra upon conformation and environmental structure, but many more data need to be collected in order to confirm these preliminary assignments.
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